A high-resolution neutron imaging system referred to as 'Neutron Microscope' (NM) has been recently established as a piece of instrumental equipment at the Paul Scherrer Institut (PSI), Switzerland. It is providing the wide user community of the Neutron Imaging and Applied Materials Group (NIAG) with the capability of spatial image resolution below 5 µm at effective pixel sizes of 1.3 µm. The NM has been designed as a portable, self-contained system that can be moved between beamlines at PSI with only moderate effort. In this contribution, we report on the first results and experience with the Neutron Microscope externally, at a beamline of another neutron source outside the Swiss Spallation Neutron Source (SINQ). In June 2018, NM has been transported to the Institute Laue-Langevin (ILL) and was successfully installed at the D50 beamline for four days. A gadolinium based Siemens star produced at PSI has been used for the assessment of the spatial resolution. The spatial resolution achieved using the Neutron Microscope at ILL-D50 equalled 4.5 µm. Above that, several high-resolution tomographies of various samples were acquired, of which an illustrative example is presented.
Introduction
High spatial resolution neutron imaging is a fast developing area driven by the demands from the user community (for example that of electrochemistry [1] ). Provided that 'high resolution neutron imaging' is loosely defined as neutron imaging with the capability to resolve about 10 µm structures or better, there are several approaches that demonstrate such capability [2] , [3] , [4] , [5] , [6] , [7] . At PSI, high resolution neutron imaging has been advanced with the project 'Neutron Microscope'. In this project, a detector based on a high-numerical aperture objective [8] combined with very thin, though efficient, isotopically-enriched 157-gadolinium oxysulfide scintillator screens [9] was developed and led to the achievement of about five µm isotropic spatial resolution in 2D [10] .
Despite these clear advances in the field of the high spatial resolution neutron imaging detectors, it is the available flux (even at rather powerful neutron sources) that sets limitations on both the achievable resolution and the performable experiments. Grosse & Kardjilov [11] have recently proposed a useful theoretical model that estimates the time necessary for neutron radiography/tomography to reveal unambiguously structures with a given contrast at a specific required spatial resolution. Even though the model seems to provide a conservative estimate [12] , it is clear that -for certain contrast conditions-neutron tomography of very high spatial resolution requires prohibitively long exposure times even at sources as powerful as SINQ, PSI.
Even for favourable contrast conditions, such as in the case of the neutron tomography of a small porous gold sample [13] , the exposure times of several days are required at BOA beamline [14] to achieve approximately 10 µm true spatial resolution in 3D. It is therefore clear that the high spatial resolution neutron imaging applications are bound to seek the highest neutron flux sources.
As the NM has been designed as self-contained detector that can be transported between the beamlines at PSI with only moderate effort, it can also be moved to other neutron sources. Because the neutron source of ILL provides outstanding neutron flux conditions, the NM detector system was transferred recently from PSI to the D50 beamline [15] at ILL and its performance under cutting edge flux conditions has been tested With an estimated neutron flux of 6 × 10 9 n/cm 2 s -1 , the D50 beamline provides currently the highest available flux of cold neutrons for imaging applications. In the following we provide some results of this initial campaign.
Installation of NM at ILL-D50
The entire 'Neutron Microscope' instrumentation has been transported to and installed at ILL within one day. The NM has been installed at the most downstream position inside the current D50 beamline bunker (as shown in Figures 1a and 1b ). Figure 2b indicates the neutron beam.
Figure 1 -PSI 'Neutron Microscope' at ILL-D50 beamline: (a) being installed through the open roof into the bunker, (b) positioned at the most downstream position of the ILL-D50, (c) fitted with B 4 C sheets and other borated shielding materials. The red dashed arrow in
It is worth noting that the installation had, despite the independent control of the system, taken only about 6 hours, after which the NM was ready for the first images to be acquired. A significant part of the installation time has been spent on fitting the NM with shielding material (see Figure 1c ) in order to avoid activation. The scintillator screen of the NM has been positioned at 11.13 m downstream the 30 mm-diameter pinhole, thus providing collimation ratio of 371. In the next step of the installation, the NM has been focused using a standard resolution test object -a gadolinium-based Siemens star [16] . The focusing procedure was relatively quick again due to the superior neutron flux.
Results
In the first experiment, to establish the resolution capability achieved, eighty images of the Siemens star pattern, fifty open beam images and ten dark current images were acquired. All images were recorded with 30 seconds exposure time and the test object was positioned in the close vicinity of the scintillator screen (scintillator-sample distance smaller than 0.5 mm). The scintillator was an approximately 3.5 micrometres thick 157 Gd isotopically-enriched gadolinium oxysulfide screen. The substrate of the screen consisted of a silicon wafer coated with a 200-nm iridium layer for light output enhancement [17] . The images were acquired using a sCMOS camera (Hamamatsu ORCA Flash 4.0, pixel size 6.5 µm). Thanks to the 5-fold magnification of the NM optics, the pixel size (pixel resolution) of the acquired images was equal to 1.3 micrometers. Two separate open-beam corrected images based on 40 individual radiographs of the test object each were created. These were used for Fourier ring correlation and for the visual inspection of the achieved spatial resolution. One of these images is shown in Figure 2 (left) while the right hand side image presents an enlarged image of the Siemens star centre.
Figure 2 -(left) Neutron radiography of a Gd based Siemens star, (right) close-up of the centre of the Siemens star of the left hand side image clearly revealing the ends of the individual 4.5 micrometres spokes.
It is clearly visible that the thinnest ends of the individual spokes of the Siemens star can be resolved in the image, in particular in the magnified detail on the right hand side of Fig. 2 . The size of the thinnest spokes is equal to 4.5 µm (line pair: 9 µm). For the quantitative analyses, Fourier ring correlation [18] was applied to the Siemens star images and resulted in a measured spatial resolution of 4.2 µm.
Subsequently, after assessing the resolution experimentally, several small static samples were tomographed. The tomographed samples included pieces of Zircaloy nuclear fuel cladding [19] , bits of additively manufactured gold alloys, and a cylinder of a diameter of approximately 2.5 mm of a gold-lead alloy. 
Figure 3 -Example of a neutron microtomography using the PSI 'Neutron Microscope' at the ILL-D50 beamline: A vertical slice from a neutron microtomography dataset showing dendritic microstructures of lead, voids and gold in a sample of a gold-lead alloy.
The detailed description of the results of these neutron microtomographies goes beyond the purpose and the scope of this paper. However, Figure 3 provides an example of the high quality of the resulting datasets showing a randomly chosen vertical slice from the microtomographic dataset revealing in detail the dendritic microstructure of lead in a gold-lead alloy [20] with unprecedented spatial resolution. From the point of view of the temporal resolution, the presented lead-gold alloy microtomography required approximately 12 hours of beamtime onlyincluding the acquisition of open beam, dark current and black body [21] images.
Discussion & Outlook
From the practical and logistic point of view, the installation of NM at ILL was a rather swift procedure. One of the issues that need to be addressed when using a detector at another neutron facility is the activation of the system. Naturally, the pieces of NM that were exposed to the direct beam (i.e. scintillator screen/holder and the mirror) were expected to be activated beyond a level for immediate release. However, readily available duplicates of these pieces enable transfer and usability of the system elsewhere within about 24-48 hours.
Despite taking care with shielding the NM from any unnecessary other neutrons, few parts of the rest of the instrumentation were very slightly activated (likely due to neutrons scattered from the sample/scintillator/mirror) at the end of the campaign (~0.15 µSv/h). This activation led to the necessity to prolong the stay of NM at ILL for another 24 hours. The procurement of more efficient shielding for NM can alleviate this situation in the future. Regarding the results themselves, it was shown that the favourable combination of NM with the superior flux at ILL-D50 can provide highest spatial resolution and quality of neutron imaging data both in 2D and in 3D with significantly reduced exposure times and hence higher efficiency. It can be concluded that highest resolution imaging capabilities at ILL are highly desirable for the neutron imaging community. This could enable not only a higher throughput of samples with scanning requirements at highest currently achievable resolutions as demonstrated in this contribution, but also achieving better than current temporal resolutions in time-resolved studies [22] , [23] . In addition, there appears to be still room for (i) further pushing the spatial resolution limit towards even closer to 1 µm and (ii) combination of the detector with neutron optics (e.g. [24] ).
Summary
PSI 'Neutron Microscope' was successfully installed and tested at ILL-D50 beamline in Grenoble for 4 days. The visual assessment and the Fourier ring correlation criterion of the images of the standard resolution test pattern (PSI gadolinium Siemens star) resulted in a measured spatial resolution better than 4.5 µm. Also, several high-resolution tomographies of relevant static samples were acquired within the available allocated beamtime window. They demonstrated the highest resolution neutron microtomography and underlined the capability of the fast measurements at extreme spatial resolutions at ILL-D50 with the NM technology developed at PSI.
